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THE FINANCIAL RISKS OF CLIMATE CHANGE

EXECUTIVE SUMMARY

Key findings

This study makes several groundbreaking advances in the area of climate impact
assessment by using state-of-the-art modelling techniques combined with expert
knowledge in the fields of climate, meteorology, hydrology and actuarial science. The
report provides a detailed analysis of the potential impact from a changing climate on
insured risk for insurers and other stakeholders through its effects on precipitation-
induced inland floods in Great Britain, winter windstorms in the United Kingdom, and
typhoons in China.

Potential impacts on pricing, required minimum capital under Solvency II and
supplemental capital requirements are also discussed. The main findings, expressed in
2008 £ values and focusing solely on the impact of climate change!, are:

e The inland flood component of insurance premiums could increase by around
21% across Great Britain assuming a global temperature rise of 4°C.

e The average annual insured flood losses in Great Britain could rise by 14% to
£633 million assuming a global temperature rise of 4°C.

. The insured inland flood loss in Great Britain occurring on average once every
100 years could rise by 30% to £5.4 billion. The insured inland flood loss
occurring on average once every 200 years could rise by 32% to £7.9 billion.
The estimates assume a global temperature rise of 4°C.

e The average annual insured wind losses in the UK could rise by 25% to £827
million assuming a 1.45° southward shift in storm track across the UK.

e The insured wind-related loss from winter season windstorms in the UK occurring
on average once every 100 years could rise by 14% to £7.3 billion. The insured
wind loss occurring on average once every 200 years could rise by 12% to £9.7
billion. The estimates assume a 1.45° southward shift in storm track.

. Within Great Britain, the results vary by region. For example, while the average
annual insured flood losses for Great Britain as a whole could rise by 14%,
regional increases range from less than 10% to nearly 30%, assuming a global
temperature rise of 4°C.

e The average annual insured losses from typhoons affecting China could increase
by 32% to £345 million; the 100-year loss could increase by 9% to £838 million,
and; the 200-year loss could increase by 17% to £1.1 billion. The estimates
assume a global temperature rise of 4°C.

! Section 4 of this study has examined the effects of changes in GDP and the stock of insured assets; the
numbers cited in Key Findings and elsewhere in the main body of the report are without these effects.
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Introduction

This ground-breaking study couples climate models with insurance catastrophe models
to examine the financial implications of climate change through the effects of global
temperature increases of 2, 4 and 6°C on precipitation-induced floods, windstorms,
and typhoons. In particular, the study assesses the potential influence of a changing
climate on insured risk from two dominant natural hazards in the UK — namely, inland
flooding and winter windstorms — and from typhoon activity in China.

Although many climate models allow the possibility of large, rapid and widespread
climate change, some of the key processes driving such changes are highly uncertain
and they have the potential to significantly alter the projections of global climate
change. Such potential processes are discussed in Appendix 3, Question 6. The
modelling presented in this report takes a conservative approach by not considering
such extreme shifts in climate.

Approach

The climate scenarios that were used to model projected changes in risk were
developed by the Met Office using an approach of combining results from recent
climate model output, diverse published data, and scientific literature. A robust
relationship between UK precipitation and global mean temperature change was
identified. When considering UK windstorms however, no clear dependence on global
temperature was found. The projected changes in windstorm activity are provided in
the form of a change in storm track, which incorporates impacts from natural
variability. The projections thus reflect a wide spectrum of potential changes in storm
tracks, as described in greater detail in Section 2. The assessment of changes in China
typhoon risk shows a similar pattern, where changes in precipitation associated with
these storms are related to increased global temperatures, but no clear dependence is
found for typhoon wind intensity. Therefore, the study uses variations in wind intensity
as a sensitivity for possible changes in typhoon risk.

The approach taken to define climate change impacts allows the timing of the change
to be removed from the discussion. Nevertheless, it is informative to know
approximately when various levels of global warming might be reached. As a best
estimate, 2°C of global warming would be reached in the 2040s if any of the IPCC's
main SRES scenarios are followed (A1B, A2, A1FI etc). The UK's Committee on Climate
Change (CCC) scenario of 4% annually reduced global emissions starting in 2016
would keep the warming close to 2°C, even beyond 2100. If certain feedbacks in the
climate system are strong, 2°C warming could be reached earlier, perhaps as soon as
2030. However the benefits of mitigation are still clear. In the CCC scenario, the
probability of exceeding 4°C is much smaller than in the SRES scenarios. In the worst
case considered, the SRES A1FI scenario, the best estimate is that 4°C warming would
be reached in the 2070s, or as early as 2060 if feedbacks are strong, with further
warming thereafter. Present understanding suggests that such strong feedbacks are
unlikely.
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To assess the financial impact of climate change on the selected perils and regions,
AIR Worldwide applied the climate scenarios provided by the Met Office to its
catastrophe models for Great Britain Flood, UK Extratropical Cyclones and China
Typhoons. In that process, AIR developed “climate conditioned” catalogues of potential
future events and compared the resulting insured losses with losses associated with
today’s climate, which is representative of the baseline risk.

The study uses three key metrics to measure the financial impacts. These are:

e Average annual loss (AAL): AAL refers to the aggregation of losses that can be
expected to occur per year, on average, over a period of many years. Clearly,
significant events will not happen every year; thus it is important to emphasise
that AAL reflects the /ong-term average.

. The 100-year loss: The 100-year loss has a 1% probability of occurring in any
given year; that is, it is the loss that can be expected to occur or be exceeded on
average once every 100 years.

. The 200-year loss: The 200-year loss has a 0.5% probability of occurring in any
given year; that is, it is the loss that can be expected to occur or be exceeded on
average once every 200 years.

Note that the financial metrics discussed above are defined in the context of a given
climate regime. That is, the 100-year loss in the current climate regime, which defines
the baseline, may be different from the 100-year loss in a future climate regime, in
particular when the loss is sensitive to changes in climate.

Results

The impact of the climate scenarios on catastrophe model output and, in particular, on
the three selected financial metrics is presented below.

United Kingdom

Average annual losses from the two dominant natural hazards in the UK (inland
flooding and windstorm) could increase significantly with globally rising temperatures
and changes in storm tracks as specified by the Met Office. With respect to the more
extreme events — namely, losses occurring on average once every 100 or 200 years
— rising temperatures could bring about significant changes to the risk landscape.
Losses in the UK are also examined on a regional level, since even a uniform change in
precipitation and/or wind can produce a non-uniform response in the distribution of
wind or flood risk.

Focusing solely on the impact of climate change, the impacts values on the three key
financial metrics are as follows (in 2008 £):

. Average annual insured losses from inland flooding in Great Britain could rise by
14% to £633 million and average annual insured UK wind losses could rise by
25% to £827 million. At the regional level, increases range from less than 10%
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to 29% for inland flood losses and from 17% to 29% for insured wind losses. In
the South West, for example, the average annual insured flood losses could rise
by 29% and insured wind losses by 24%. Note that the inland flood losses
assume a global temperature rise of 4°C, and wind losses assume a 1.45°
southward shift in storm track.

e The insured inland flood 100-year loss could rise by 30% to £5.4 billion and the
200-year loss could rise by 32% to £7.9 billion. Regional variations range from
less than 10% to 39% for the 100-year loss, and from less than 10% to 51% for
the 200-year loss. The regional response for Wales, for example, indicates that
the insured flood 100-year loss could increase by 39%; in the South West, the
inland flood 200-year loss could increase by 51%. The estimates assume a
global temperature rise of 4°C.

e The wind-related insured loss from winter season windstorms in the UK occurring
once every 100 years could rise by 14% to £7.3 billion, and the loss occurring
once every 200 years could rise by 12% to £9.7 billion. Regional variations
range from below 10% to 16% for the 100-year loss and below 10% to 17% for
the 200-year loss. For the North West, for example, the 100-year loss due to
windstorms could increase by 16%; the 200-year loss for London could increase
by 17%. The estimates assume a 1.45° southward shift in storm tracks.

All of the above results are significantly different (at the 95% level of confidence) from
the baseline representative of today’s climate conditions. Figure 1 below shows the
regional variations in 100-year flood losses for temperature rises of 2, 4 and 6°C (left
to right). As can be seen, the South West, South East and Wales face the highest
percentage changes for a temperature increase of 4°C.

Figure 1 Regional response of the 100-year flood loss for a 2, 4 and 6°C
increase in temperature
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Note: Values shown reflect percentage increases relative to the baseline (current climate) risk.

China

With the projected changes in global mean temperature, average annual insured
losses from winds and precipitation-induced floods caused by typhoons affecting China
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could also increase significantly by 32% to £345 million assuming a global temperature
rise of 4°C and slightly more intense typhoons. In percentage terms, the 100-year and
200-year loss do not increase as dramatically. This reflects the high frequency of loss-
causing typhoons in China (about ten each year in the current climate), and the
importance of losses which accumulate over the course of the year rather than from a
single event. Still, as the climate warms, a 200-year loss in China could increase
significantly to £1.1 billion. Again, these results are also statistically different (at the
95% level of confidence) from the baseline representative of the today’s climate.

Implications for insurers and policymakers

The loss estimates discussed above were derived by conditioning the results of fully
probabilistic catastrophe models based on a range of climate scenarios. Further
sensitivity analyses were conducted to explore possible implications for insurers and
policymakers. Pricing and capital requirements, for example, were found to be
sensitive to the assumed underlying climate scenarios and climate-conditioned event
catalogues. It should be emphasised, however, that the projected impacts represent
future possibilities only to the extent that the climate and modelled events actually
occur as presented and that the industry responds as discussed in Section 4.

The loss estimates derived from the catastrophe models and presented in Section 3
isolate the effects of climate change by holding all other parameters constant.
However, in practice, other parameters will not remain constant. Nevertheless, the
findings highlight the benefits of adaptation and mitigation policies such as flood
defences and changes in building codes, as well as other policies intended to reduce
the impacts of a 4°C rise in global temperatures.

Economic growth

As an example, a conservative long-run estimate of annual GDP growth for the UK and
China (based on annual real growth of 2.5% and 6% respectively) could be adopted as
a proxy for increases in the number of insured properties resulting from population
growth and increases in the total sums insured resulting from increased wealth.

Assuming a 4°C increase in temperature and ten years of GDP growth at 2.5%,
insured 100-year Great Britain flood losses could rise by 38% compared with a
possible rise of 30% if GDP growth were not taken into account. Assuming a 4°C
increase in temperature and ten years of GDP growth at 6%, insured 100-year China
typhoon losses could rise by 16% compared with a possible rise of 9% if GDP growth
were not taken into account.

Insurance pricing

In order to estimate how insurance pricing could be impacted by climate change, a
typical loss cost pricing algorithm was applied to the modelled average annual losses.
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The implications for pricing based on the modelled climate scenarios are as follows
(assuming no GDP growth):

e The inland flood component of insurance premiums could increase by around
21% across Great Britain if a global temperature rise of 4°C is assumed.

e The wind component of insurance premiums could increase by around 37%
across the UK if a southward shift in storm tracks is assumed.

e The typhoon-induced flood and wind components of insurance premiums could
increase by around 48% across China assuming a global temperature rise of
4°C,

Insurance capital

Solvency II's 99.5% requirement that a company should remain solvent for the coming
12 months justifies using the 200-year loss to represent Required Minimum Capital for
the purposes of a sensitivity study. Note however that increases in predicted large loss
costs do not necessarily equate directly to increased individual company capital
required. The response of individual companies will depend, for example, on how
diversified their book is.

e Assuming a global temperature rise of 4°C, a further £1.9 billion would need to
be added to the £5.9 billion capital currently required to cover insured inland
flood losses in Great Britain.

e Assuming a southward shift in storm tracks, a further £1 billion would need to be
added to the £8.6 billion capital currently required to cover insured wind losses
in the UK.

In addition to increasing prices and holding more capital, insurers may also reduce
capacity in response to increased risks arising from climate change. Similarly, where
the price of insurance is not set appropriately or insurers do not hold sufficient capital,
a reduction in the availability of insurance is likely to be the result.

A note on the approach

The study focuses on the financial impacts due to climate change from windstorms and
inland flood in the UK and from typhoons in China. Coastal flooding is not considered.
Given the fact that sea levels are likely to rise with increasing global mean
temperatures, a future study addressing this aspect could be of interest. Likewise,
future studies could consider the impacts from other natural hazards that have not
been included in the current study since they are expected to contribute to the
changes in financial risk as well.

AIR’s catastrophe risk assessment methodology is based on both physical and
statistical models that represent real-world systems. As with all models, these
representations are not exact. The simulated windstorms and flood events generated
by the AIR models do not represent events that have occurred, but rather events that
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could occur in the future with a given likelihood. The insured loss estimates provided in
this study are intended to function as one of several tools for use in analysing and
managing risk.

The assumptions that AIR and the Met Office used in generating the results of this
study may not constitute the exclusive set of reasonable assumptions and
methodologies, and different assumptions and methodologies adopted by other climate
and catastrophe models could yield different results.

Whilst scientific uncertainty has been accounted for in this study, other potential
sources of uncertainty were not. For this study, the impact of climate change on
financial risk is isolated by modifying the frequency or intensity of the perils of interest
according to the requirements set forth by the climate model results. All other
parameters - such as the geographic distribution of populations, insurance take-up
rates, flood defences, building codes, etc are held constant. However, it may be that
the historical population growth in areas of high hazard (growth that has been largely
responsible for the observed upward trend in catastrophe losses over the last several
decades) may actually reverse under a changing climate; that is, populations may in
fact migrate away from high risk areas, which would reduce exposure. Similarly, as the
wind climate grows more extreme, construction practices may change such that the
wind resistivity of structures increases. Building codes may change as well in the face
of increased hazard, and government investment in flood defences could accelerate.
On the other hand, take-up rates in China could grow dramatically as that insurance
market continues to grow. Whilst this study has advanced the knowledge of climate
impacts, all of these factors must be considered and balanced in a well-conceived
approach to risk management.
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1.0

THE FINANCIAL RISKS OF CLIMATE CHANGE

INTRODUCTION

Earth’s climate system, comprised of the atmosphere, the oceans, the cryosphere and
continental land masses, is constantly changing. Not only do changes to each
component of the system influence the risk of natural catastrophes, but the
interactions between them bring about an inherent uncertainty surrounding how
climate will evolve in the future. Dependable historical data is limited and deficiencies
and inaccuracies in the historical record present an added challenge for scientists to
separate natural variability from trends induced by the anthropogenic emission of
greenhouse gases.

Over the past several decades, dynamical modelling techniques have paved the way
for an improved understanding of climate and the impacts of climate change on
various forms of exposure, including life and property. The fidelity of climate models,
for example, has been improved in both resolution and representation of physical
processes, allowing investigators to quantify the influence of greenhouse emissions on
the climatological factors known to generate extreme weather events. These models
can be used to study, for example, the sensitivity of storm frequency and intensity to
significant changes in key climate mechanisms such as increasing ocean temperatures.

Similarly, since the late 1980s, catastrophe models have combined the latest findings
in atmospheric science with sophisticated engineering and financial models to estimate
the damage from extreme weather events. By combining such damage estimates with
complex insurance and reinsurance terms, insured loss can be computed to quantify
risk to insurers. Such an analysis can be used to gauge the risk to a range of assets
from an individual property such as an industrial facility to a worldwide portfolio of
residential and commercial properties.

Using future climate scenarios, catastrophe models can be applied in a “what if” mode
to estimate how an assumed future climate scenario might cause the risk to differ from
the risk as we know it today. For this study, the impact of climate change on financial
risk is found by modifying only the frequency or intensity of the perils of interest
according to the requirements set forth from the climate model results. All other
parameters are held constant (such as exposures, insurance uptake rates, building
codes, etc). Because catastrophe models are “probabilistic” by nature, they can
measure not only the expected impact of a projected climate, but also the level of
confidence surrounding such expectations.

This study couples projections from state-of-the-art climate research and model
results with risk estimation techniques from catastrophe models to measure the
potential influence of a changing climate on insured exposure in the UK and in China.
For the UK, the study focuses on two important natural hazards, namely flooding
borne from extreme precipitation and wind damage resulting from mid-latitude
(extratropical) cyclones. Extratropical cyclones tend to be strongest during the winter
months when the contrast in temperature between the poles and the equator is
largest. Thus winter season extratropical cyclones, often referred to simply as winter

11
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storms, are the focus of this study. For China, the results reflect potential changes in
typhoon risk as represented by the wind and flood damage caused by tropical
cyclones.

12
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THE FINANCIAL RISKS OF CLIMATE CHANGE

CLIMATE MODEL RESULTS

The Met Office, tasked with assessing how increasing global temperatures may
influence UK wind and flood activity as well as China typhoon activity, have taken a
ground-breaking approach. By combining the results of Hadley Centre climate models,
recently published scientific techniques, and a comprehensive review of the scientific
literature, Met Office climate scientists have developed a set of plausible “climate
scenarios” reflecting projected changes in risk.

Given climate science is evolving quickly, many questions naturally arise in an
application study such as this. The authors have anticipated several of these questions
in advance, and responded to them in detail in Appendix 3. When appropriate, the
reader will be referred to that Appendix for more detailed information in these
important topic areas.

Background

The aim of the climate change research component is to quantify the impacts of a
changing climate to three major perils impacting the insurance industry:

. Frequency and intensity of precipitation events on inland flood risk in Great
Britain;

. Frequency and intensity of extra-tropical cyclones on wind risk in the UK; and

. Frequency and intensity of China typhoons on wind risk in China.

A methodology has been sought that will, taking into account and communicating
relevant uncertainties, allow the combination of very diverse published data and
models within a single framework under different climate scenarios. The method
should also allow for future scientific developments to be included, and be reviewed
independently from the scientists undertaking the research.

The output of the research has been specified in terms of perturbations to current
climate - leading to a perils matrix of climate scenario versus a change to the current
risk. This approach allows the area where there is the most experience and
understanding (past climate risk) to be used as a basis and associated, through
current understanding of future climate changes in published literature and models,
with future climate risk.

Methodology

Use of climate models for the quantification of the impacts of climate change within
specific regions and time periods is a nascent science. Whilst the case for the global
impacts of greenhouse gases has been made by the IPCC and others, the specification
of changes in regional and extreme phenomena has more uncertainty and less

13
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consensus, especially where natural climate variability is concerned (e.g., El Nifio and
the North Atlantic Oscillation).

One approach to the question is to seek consensus in a common diagnostic of climate
change for each of the perils, and estimate changes in hazard risk from the consensus
by adjusting loss probability functions accordingly (e.g., in terms of the mean and
other moments of the probability function). Consensus in this sense does not suggest
that there is scientific certainty, but suggests that there is agreement around the level
of current understanding. The question of whether these scientific results will be
superseded is later addressed in Question 8.

The approach taken has been to assess the correlation between a change in global
surface temperature and the peril of interest. The approach allows one to take account
of all climate scenarios (e.g., the SRES scenarios used in the IPCC analysis) and
removes the timing of the change from the discussion, thus removing one of the key
uncertainties. The method assumes that the relationship between local changes in
perils and global temperature do not change, and are unaffected by the choice of
climate emissions scenario under which they are reached. A 2°C of warming can then
be said to be relevant to any baseline time period under examination. As a best
estimate, 2°C of global warming would be reached in the 2040s if any of the IPCC's
main SRES scenarios are followed (A1B, A2, A1FI etc). The UK's Committee on Climate
Change (CCC) scenario of 4% annually reduced emissions starting in 2016 would keep
the warming close to 2°C, even beyond 2100. If certain feedbacks in the climate
system are strong, we could reach 2°C warming earlier, perhaps as soon as 2030.
However the benefits of mitigation are still clear. In the CCC scenario the probability of
exceeding 4°C is much smaller than in the SRES scenarios. In the worst case
considered, the SRES A1FI scenario, the best estimate is that 4°C warming would be
reached in the 2070s, or as early as 2060 if feedbacks are strong, with further
warming thereafter. Present understanding suggests that such strong feedbacks are
unlikely. An analysis of when 2°C and 4°C of global warming is likely to be reached is
discussed in more detail in Question 1.

The structure of the risk matrix for each peril is dependent on the risks under
examination. Where there is little or no consensus in the degree of change in terms of
global temperature, a range of risks is sampled since one published methodology
cannot, a priori, be favoured or discounted in lieu of another method.

Limitations: In addition to the core of the work, a range of detailed questions have
been presented to show the current scientific consensus on a range of topics and aid
decision making. In particular, a discussion of the current major uncertainties in
climate modelling and likely future changes in results from the science is presented in
Question 6 and Question 8.

14
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THE FINANCIAL RISKS OF CLIMATE CHANGE

Data sources

The data used to create the perils matrix come from a variety of different sources and
includes the following: data from papers published in peer reviewed literature, data
from the Fourth Assessment Report from the Intergovernmental Panel on Climate
Change (IPCC FAR, 2007), data from the Met Office Hadley Centre QUMP ensembles
(Murphy et al., 2004), and to a lesser extent data from as yet unpublished literature.

It is worth mentioning that whilst global climate models (GCMs) variously include
physics and dynamics of the atmosphere and ocean, sea and land ice, land surface,
vegetation, atmospheric chemistry and ocean bio-geochemistry to various degrees,
currently they are all of relatively low resolution - covering the globe in boxes of
approximately 100km to 300km square. To overcome this, regional climate models
(RCMs) are used to add geographic detail with resolution from 50km to 25km over a
bounded geographic region. These RCMs inherently require conditions at their
boundaries supplied from GCMs, thus linking their projections.

Computer resources do limit climate experiments, and whereas high-resolution
coupled models — models that include both an interactive ocean and atmosphere - are
desired to capture various climate processes such as El Nifio (Roberts et al. 2009),
some studies are based on uncoupled models run at higher resolution. This has
implications for the results for some perils analysed.

Whilst researching the data for this project it becomes readily apparent that there is a
lack of consistency amongst papers as to which statistics are being reported. This
makes data pooling difficult (see discussion below on UK wind storms). This suggests
that there would be benefit in agreeing on a set of metrics to aid comparison across
the scientific community on these significant perils.

In addition, some papers have made use of the same base model (e.g. for regional
model boundary conditions). As such, there is some commonality between some model
results, and this has been noted where relevant.

Met Office Hadley Centre Ensembles

The Met Office Hadley Centre has a variety of global climate models with grid
resolutions of the order 150 to 300 km. Many important climate processes take place
at a finer scale like, for example, cloud formation. These sub-grid processes cannot be
modelled explicitly so are estimated using a mixture of observations, theory and
simulations - also known as parameterisation.

Parameterisation can lead to a range of equally reasonable estimates, leading to
different, but still plausible, climate projections. A single climate model does not
enable these different parameterisations to be studied. However, an ensemble - a
collection of climate projections, run using different parameterisation schemes -
enables a more detailed analysis of the climate modelling uncertainty. The GCM that
was used in this analysis was the HadCM3 model with 17 ensemble members (Murphy
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et al., 2004). In addition, the CO, was increased year over year using prescribed
scenarios (often called transient climate simulations). The collection of 17 ensemble
members will be referred to hereafter as TQUMP.

A resolution of 300km is too coarse to accurately simulate the variability of climate in
relatively small regions like the United Kingdom. The Met Office Hadley Centre
Regional Climate Model (RCM), known as HadRM3, has a grid resolution of 25km and a
domain covering the whole of Europe. This higher resolution means that the
topography and land surface of the UK can be represented more accurately than in a
GCM. In addition, finer-scale climatic features are better resolved. Eleven of the
transient GCMs were used to drive the RCMs, enabling an 11-member ensemble of
transient RCMs to be derived, hereafter referred to as RQUMP.

Great Britain Flood (GBF)

This study analyses precipitation that can lead to both fluvial and pluvial flooding, as
analysed in the current literature derived from GCMs and RCMs. A discussion is
provided in Question 4. Although the impacts from storm surges have not been
assessed, a description of the current scientific consensus on sea-level rise is provided
in Question 2.

The changes assessed in regional precipitation within the IPCC AR4 summary are
dependent on the time of year. The models agree on the sign of the change for
winters, being wetter, with warmer air and water temperatures leading to more
evaporation and heavier rainfall. Whilst there is less consensus, summer rainfall is
likely to decrease over much of the UK. For both summer and winter, it is possible that
extreme rainfall will increase more than average rainfall, with more intense events
occurring more frequently. These results are consistent with the recently published
UKCPO09 results, and this research makes use of the same underlying models.

After a review of the full literature base, changes in the 1-in-5 year return value for
daily winter (December to February) precipitation and changes in the corresponding
mean precipitation have been chosen as a common risk diagnostic for analysis (see
figures 2 and 3), derived from research into the global climate sensitivity (the level of
warming expected from a doubling of CO,).

A robust relationship with global mean temperature change was found for both
parameters, thus allowing for projections. This would be expected as there is a strong
relationship between air temperature and potential moisture content, well known via
the Clausius-Clapeyron relationship. The relationship is calculated from a linear
regression through published values and new analysis of published model data, with
an intercept fixed at zero (figures 2 and 3). Extreme rainfall is calculated using data
from RCMs, whereas the global mean temperature is determined from the GCM that
provides the boundary forcing for the RCM concerned.

For this risk matrix, published data mostly included output from three global models
that were used for the boundary conditions to drive the various RCMs, reducing
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sampling uncertainty. Additionally, changes in the mean were not widely reported in
the literature, and so only the RQUMP ensemble data have been analysed. The results
are similar compared to the more extreme 1-in-5 year events, and so are assumed to
be consistent. Note that where ensemble data has been used to assess the changes at
2°C, 4°C and 6°C, a median or “best estimate” value from the ensemble has been
used (i.e., not the worst case scenario).

Limitations: Note that, for the 1-in-5 year return period changes (figure 2), the
gradient is insensitive to the removal of the published literature and the use of the
RQUMP data on their own. This gives support to the analysis in figure 3, where no
other published data is available.

Impacts on natural climate variability have not been assessed directly in this study,
although more discussion on this topic is provided in Question 5.
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United Kingdom Windstorm (UKW)

The climate of damaging extratropical wind storms in Europe is dominated by natural
fluctuations in the position of the winter storm track. Whilst the IPCC AR4 suggests a
northerly trend in the position of the storm track throughout the northern hemisphere,
any signals related to climate change would need to be significant in comparison to the
large variability in natural processes detected locally. Periods of increased and reduced
storminess and their associated winds have been observed historically, however there
is no consistent view of the local impacts of climate change on European winter storms
- either in intensity, frequency or location. This is largely because of significant natural
variability related to the North Atlantic Oscillation which to date has not been well
captured by climate models. As such, the published material on the topic was found to
be too diverse in methods and metrics to allow assimilation in any quantitative way.
For this study, scenarios for this peril are therefore not dependant on global warming,
but on the position of the storm track.

The future exposure of the UK to windstorms is a function of storm track changes and
changes in storm strength. Published literature generally does not separate these two
effects and so a reported change could be due to track change, strength change, or
both. Changes in storm track have been chosen to overcome this, as this will effect a
change in winds experienced at a given location, thus allowing any future
improvements in our understanding of storm strength to be incorporated at a later
date. This approach also allows us to incorporate the impacts from the natural
variability in storm track.

For this study, data from the IPCC AR4 multi-model ensemble archive and the Met
Office Hadley Centre TQUMP ensembles of 17 models have been analysed to provide
values for this peril. The storm track for the UK was derived from daily mean sea level
pressure which has been filtered so that only variability on 2 to 6 day timescales is
retained. Such an approach identifies areas of high variability associated with synoptic
systems and is commonly termed band-pass filtered analysis. Although usually
performed at a height of 500 hPa and a large scale diagnostic, it is applied here to
surface pressure as that is the only common diagnostic available for all models. It has
limitations in that it does not identify individual storms but rather areas of high
variability on synoptic timescales.

The maximum of a parabola fitted to the mean band-pass filtered fields at 0° longitude
has been taken to be the latitude of the storm track affecting the UK. This is repeated
for future data and changes in the latitude of the parabola maximum are taken as a
change in storm track.

No dependence on global temperature/climate sensitivity has been found for the
changes in storm track by this measure (figure 4), and we therefore provide the
maximum, the minimum, and the central value between these derived from the joint
ensemble of results. Therefore, the perils matrix for UKW reflects a wide spectrum of
potential changes in storm tracks rather than changes directly associated with rising
global temperatures. Note that the approximate location of the observed annual mean
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storm track is near 57°N, with a standard deviation in the annual mean of the storm
track of £3° latitude (provided by AIR Worldwide and discussed later). This is of the
order of the changes seen in the climate models and so the changes from current
climate change projections can be considered as having a similar magnitude as from
natural variability.

Limitations: Recent modelling work suggests that the ability of climate models to
resolve the natural variability over the North Atlantic may be improved with the
inclusion of a stratosphere - allowing teleconnections to El Nifio and the Pacific Ocean.
This process is not included in the current generation of climate models, and may
allow for improvement in the modelling of natural processes in the future.

Figure 4 Changes in the storm track
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China Typhoon (ChT)

As with the other perils, the literature was found to be very diverse in its approach and
analysis of tropical cyclone activity in the Pacific. Question 3 provides a summary of
recent global research in this field, especially focussed on the Atlantic sector.

A parameter which has been widely published and can be derived for most models is
the large scale cyclogenesis parameter (Royer et al, 1998). It has components of
cyclonicity, vertical shear, and latent heat release from rainfall, and is a large scale
indicator of tropical storm genesis. The metric is robust and has been shown to
reproduce global tropical storm activity. The Royer metric is calculated for the region
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0°N to 30°N,100°E to 180°E for both present and future, coupled and uncoupled IPCC
AR4 and QUMP data.

For the Royer parameter in the coupled and uncoupled IPCC AR4 and TQUMP models
(figure 5), no clear relationship was found, with the potential for future increases and
decreases. Closer analysis of the data indicates the possibility of a structural error.
Genesis parameters from pairs of coupled and uncoupled models which share the
same atmosphere are not in agreement, indicating that the coupling of the
atmosphere to the ocean may have a significant impact on the potential future genesis
of tropical storms.

To analyse this further, figure 6 shows the published results. Most studies use high
resolution atmospheric models (uncoupled), and show a reduction in tropical cyclone
activity.

Thus there is a quandary as to whether one data subset may be in error. Are the low
resolution models with poor representation of tropical storms, but coupled and so
capturing an important feedback process with the ocean, unable to represent storm
changes? Or, are the high resolution (but uncoupled) models failing to capture the
feedbacks from the ocean surface that have an important influence on future storm
changes? Currently there is no clear answer.

Therefore, as a sensitivity study for the perils matrix, we provide estimates of possible
future intensities of tropical cyclones using methodology and results adapted from
Emanuel et al., (2008) - more details are provided in Appendix 2.

Here, the winds in future tropical cyclones are scaled by a single factor which can be
applied to the cumulative distribution function (CDF) of damaging winds from tropical
cyclones. Using values derived from the seven GCMs reported in Emanuel et al.
(2008), the mean +/- two standard deviations are provided as three plausible changes
in tropical wind intensity.

In addition, precipitation changes associated with tropical cyclones is also provided.
Here, there is much more consistency within the published literature with increases in
extreme precipitation found for all modelling studies (not shown). The maximum
water-carrying capacity of the atmosphere is determined by the temperature of the
air, and has been calculated by the Clausius-Clapeyron relation. Although increases in
extreme precipitation simulated by climate models have not generally seen the full
increase implied by simulated temperature increases, it is thought that given the
extreme environmental conditions found within tropical cyclones this is more likely to
be realised. Therefore precipitation increases calculated for 2, 4 and 6 °C global mean
temperature increase follow the Clausius-Clapeyron relation.

Limitations: Potentially the greatest factor affecting the impact of climate change on
tropical storm damage for China may come from changes in the track and likelihood of
tropical cyclone landfalls. It is well known that landfall for this region is strongly
affected by factors such as El Nifio and future climate changes in the Pacific have been
shown to include “ENSO like” effects on cyclone changes in the North West Pacific
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(Yokoi and Takayabu 2009). Yet changes in likelihood of landfall are not taken into
account in this study. The reason for this is that the necessary modelling - that of high
resolution coupled simulations where individual storms can be tracked - is not
available. Further, only a handful of studies have directly related changes in climate
factors to landfall probability and are generally focused on the Atlantic (e.g., Dailey et
al 2009).

The results herein emanate from one study, although seven different GCMs were
considered. The scaling of winds in this way will enhance the damaging winds of
severe storms more than those of weaker storms, given wind energy increases with
the cube of wind speed. As such, all the assessed models show an increase in intensity
but by taking the mean and providing a scenario range of the mean plus and minus
two standard deviations produces a “low end” scenario of intensity reduction. No
information is provided in this approach on the changing structure of tropical cyclones
with intensity or their lifetime characteristics.
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Figure 5 Tropical cyclone genesis in the North West Pacific as a function of
global surface temperature change
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Figure 6 Published literature analysis for cyclogenesis of tropical storms in
the North West Pacific
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Figure 7

Complete analysis including both large scale Royer parameter and

published literature for both coupled and uncoupled climate
models of tropical storms in the North West Pacific
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CATASTROPHE MODEL RESULTS

AIR Worldwide was tasked with assessing the insurance impacts of the various climate
scenarios put forth by the Met Office. Using state-of-the-art catastrophe models, AIR
has developed “climate conditioned” catalogues of potential future events and
compared the resulting insured losses based on projected climate scenarios with the
baseline risk associated with today’s climate.

Changes in risk are measured by way of several key metrics, in particular, the average
annual loss (AAL) reflecting the expected annual insured loss aggregated over an
entire year, the 1.0% exceedance probability (100-year) loss, and the 0.5%
exceedance probability (200-year) loss. AAL refers to the loss that can be expected to
occur per year, averaged over a period of many years. Clearly, significant events will
not happen every year, so it is important to emphasise that AAL is a long-term
expected loss. The 100-year loss is the loss that can be expected to occur or be
exceeded on average once every 100 years. Note that the 100 year loss in the current
climate regime, which defines the baseline, may be different from the 100-year loss in
a future climate regime. Similarly, the 200-year loss is the loss that can be expected
to occur or be exceeded once every 200 years.

Making use of UK government economic regions, changes are also reported at a
regional scale. Confidence intervals associated with the baseline risk are used to
evaluate the statistical significance of each climate scenario.

As can be expected from both the baseline and the climate adjusted catalogues, the
majority of catalogue entries consists of events that cause low to medium losses;
there are considerably fewer tail events with very large losses (such as the 100-year
losses or larger). Due to the relatively small number of tail events, the confidence
interval gets wider for the 0.5% probability loss than for 1% probability loss, i.e. the
uncertainty around the largest event losses is larger. By the same token the
confidence intervals for UK regional risk are wider than for the UK overall.

Methodology

Catastrophe models for the insurance industry, pioneered by AIR Worldwide in the late
1980s, integrate science related to natural hazards (meteorology, seismology,
hydrology and the like) with engineering relationships to produce estimates of property
damage expected under various scenarios. By computing the damage over a portfolio
of insured risks or, in the case of this study, over the entire industry stock of insured
buildings, one can quantify the financial impacts of natural (and man-made)
catastrophes. Catastrophe models have been used for over 20 years to prepare for
hazards ranging from hurricanes to earthquakes to terrorism, and have recently
proven useful to quantify the sensitivity of risk to climate (e.g., Dailey et al. 2009).

In the case of meteorological hazards, catastrophe models can accurately compute the

|II

underlying “climatological” (baseline) risk by subjecting buildings to a full spectrum of

25



3.2

ABI RESEARCH PAPER NO. 19

severe weather events as they might occur in the current climate. This is accomplished
by simulating the effects of a large catalogue of events—representing thousands of
scenario-years of plausible weather activity—based on the current climate. Potential
events are simulated in accordance with their relative probability of occurrence; thus
the catalogue comprises many weak, fewer strong, and even fewer extreme events.

In this study, AIR has applied three of its catastrophe models to the problem of risk
brought about by climate change. The AIR Inland Flood Model for Great Britain
quantifies the risk of inland flooding brought about by heavy precipitation over Great
Britain. The AIR Extratropical Cyclone (Winter Storm) Model for Europe captures the
wind risk from winter season mid-latitude (extratropical) cyclones over the UK and
continental Europe. Finally, the AIR Typhoon Model for China quantifies the impact of
intense tropical cyclones on China’s growing insurance market. Each of these models is
discussed in more detail in Appendices 6, 7, and 8, respectively.

By taking as input the climate scenarios discussed in Section 2, and comparing the
output of the catastrophe models to the baseline risk (defined as the risk under
today’s climate), one can assess the sensitivity of insured losses to projected future
climate. Of course, there is significant uncertainty associated with both the climate
projections and the impacts of those projections on insured property loss. Here is
where the probabilistic qualities of catastrophe models can be quite useful. Specifically,
the large catalogue of event scenarios contained within each catastrophe model can be
used to quantify both the financial impact and level of confidence surrounding the
results.

Great Britain Inland Flood (GBF)

The results of the research conducted by the Met Office show a significant increase in
rainfall over Great Britain, in terms of both the average annual precipitation as well as
the 1-in-5 year rainfall event. The conclusion of the climate model and literature
assessment indicates the following impacts corresponding to 2°C, 4°C, and 6°C
increases in global temperature (hereafter, the climate conditions and resulting losses
associated with the future climate warmed by 2°C, 4°C, and 6°C will be called CS1,
CS2, and CS3 respectively):

Table 1 Projected increase in GB Flood 5-year precipitation as specified by
the Met Office

% Change in 5-yr return period 9.1% 18.2% 27.4%
Global temperature change CS1 (2°C) CS2 (4°C) CS3 (6°C)

Note: See Figure 2.
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Table 2 Projected increase in GB Flood mean precipitation as specified by
the Met Office

% Change in average 8.3% 16.6% 25.0%
Global temperature change CS1 (2°C) CS2 (4°C) CS3 (6°C)

Note: See Figure 3.

These projections can be interpreted as follows. When global temperatures rise by
2°C, annual precipitation which induces flooding in Great Britain is expected to
increase by 8.3%, and precipitation associated with more extreme events occurring
once every five years is expected to rise by 9.1%. Correspondingly, more dramatic
increases in global temperatures induce a more dramatic atmospheric response of
25.0% and 27.4%, respectively.

GBF countrywide impact

Making use of the AIR Worldwide Inland Flood Model for Great Britain, these changes
in mean and 1-in-5 year precipitation were applied to the model’s representation of
the current climate, resulting in a “climate conditioned” (re-sampled) catalogue of
events, one for each climate scenario. A complete description of the sampling
techniques used throughout this study, along with the climate conditioned hazard
distributions are provided in Appendix 5.

Unless specifically noted, all catastrophe model results reflect expected deviations
from a climatological (current climate) baseline risk under some future climate
scenario. Reported are “ground-up” losses, which represent total insured damages,
including deductibles, but before the application of retention or reinsurance.

The targeted adjustments to mean and 1-in-5 year precipitation as set by the Met
Office were precisely met in the climate conditioned catalogues for CS1, CS2, and CS3.
In response to more plentiful annual precipitation and more frequent extreme
precipitation events, insured losses are expected to increase. The results for Great
Britain are shown in Figure 8. The first panel shows changes to average annual loss
(AAL), the second shows changes to an expected 100-year loss, and last panel shows
changes to an expected 200-year loss.
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Figure 8 Countrywide average annual loss (top), 100-year loss (middle)
and 200-year loss (lower) in response to expected increases in
precipitation (in 2008 £ values)
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Note: The baseline risk is shown on the far left of each panel indicating loss expectations in today’s climate.
Losses associated with CS1, CS2, and CS3 correspond to precipitation-induced flooding expected as global
temperatures rise by 2°C, 4°C, and 6°C respectively.

Source: AIR Worldwide Corp.

A 95% confidence interval is placed on the baseline risk for each loss metric to
illustrate confidence in the calculation of expected losses with respect to today’s
climate. When a climate scenario falls within the 95% confidence bound, as does CS1
for the 100-year and 200-year loss, it can be argued that the risk cannot be
statistically distinguished from today’s climate with confidence.

When climate scenario losses fall outside the 95% confidence interval, it can be argued
with confidence that when these levels of global warming are reached, insured risk will
increase beyond a level that can be explained by natural variability occurring in the
contemporary climate. Thus, climate scenarios tied to strong global “forcing”, like that
of CS2 and especially CS3, reflect significantly higher risk than is apparent in the
baseline.

GBF regional impact

In this study, UK government economic regions are used to stratify results to a finer
spatial scale. To take the results to the scale of individual postal codes is impractical
given the limitations of GCMs noted earlier, so we have chosen to portray the results
at the same scale as the UK Government Office regions, hereafter referred to as
economic regions. This categorisation will also facilitate the next discussion on socio-
economic impacts. A mapping of postal code to these regions, and their names, is
shown in Figure 9.
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Figure 9 Regional definition used in this study
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Note: UK Government Office regions will in this study be referred to as “UK Economic Regions”, and are
mapped to Postal Codes as shown.

While precipitation may not increase uniformly across the whole of Great Britain, such
an assumption is made here because the resolution of the GCMs used to project
climate is insufficient to resolve variability within the UK at a finer scale. However,
because even a uniform distribution of rainfall produces a non-uniform runoff and flood
risk, one can still measure how increasing precipitation amounts across the larger
region may bring about non-uniform changes in regional risk.

The maps in Figures 10, 11, and 12 show the regional response, as a percentage
increase relative to the baseline, for each of the economic regions. Note that although
Northern Ireland is not modelled for flood risk, it will later be included in the wind risk
assessment.

The first series of maps show the regional response of AAL to CS1 (left), CS2 (middle),
and CS3 (right). The second and third series show the same, but for the 100-year and
200-year loss, respectively. Because some regions are more highly exposed, both
physically (risk of runoff is regionally higher) and/or monetarily (more valuable and
more dense exposures), the response may be greater than for Great Britain as a
whole.
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Figure 10 Regional response of average annual loss to CS1 (left), CS2
(middle) and CS3 (right)
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Figure 11 Regional response of the 100-year Loss to CS1 (left), CS2 (middle)
and CS3 (right)
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Figure 12 Regional response of the 200-year Loss to CS1 (left), CS2 (middle)
and CS3 (right)
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Source: AIR Worldwide Corp.
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In summary, with regards to GBF, the Met Office scenarios result in higher levels of
precipitation and runoff, leading to increased flood risk. The increased flood hazard
brought about by up to 2°C warming results in about 8% higher AAL for Great Britain
as a whole. The influence at the regional scale varies. As warming increases to 4°C,
the more dramatic change in precipitation results in about 14% higher AAL. Finally,
increased precipitation brought about by 6°C rise in temperatures results in 25%
higher AAL.

The impact on the 100-year and 200-year insured loss (with annual probabilities of
1.0% and 0.5% respectively) is more dramatic, with impacts across all scenarios
ranging from about 18% to 56% for 100-year losses and about 14% to 73% for 200-
year losses depending on the climate scenario. For example, a 6°C rise in global
temperatures could increase the 200-year loss by as much as 73%.

United Kingdom Windstorm (UKW)

The results of the research conducted by the Met Office show an inconclusive response
in extratropical cyclone activity as a result of warming global temperatures. However,
it is expected that warming will lead to changes in the dynamics that cause winter
windstorms to form and intensify, and we have chosen to measure the sensitivity of
wind risk to changes in the mean track taken by winter storms.

The Met Office summarises the research and climate model results with three climate
conditions, referred to as Sensitivity A, B, and C. Sensitivity B reflects a shift in future
storm tracks of -1.45 degrees latitude, where the reduction in mean track latitude
reflects a southward (towards the equator) shift. Scenarios A and C represent more
extreme (low probability) shifts to the north (A = +4.4 degrees) and to the south (C =
-7.28 degrees) quantified as the maximum and minimum around the mean change
indicated by scenario B from the Met Office’s joint ensemble results. Whilst the large
northward or southward shifts are not very plausible, they allow one to gauge the
sensitivity of loss to the spatial distribution of storm frequency.

Table 3 Shift in UK windstorm track latitude as specified by the Met Office

Degrees change 4.40° -1.45° -7.28°

Climate sensitivity (A) (B) (®)

Note: See Figure 4.

These shifts in storm track are tied in part to a climate signal called the North Atlantic
Oscillation (NAQO). The NAO is known to influence the steering of UK winter storms. A
detailed discussion of this and other climate influences on windstorm activity is
provided in Appendix 3, Question 5.
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UKW countrywide impact

Making use of the AIR Extratropical Cyclone Model for Europe, these changes in mean
track latitude were applied to the model’s representation of the current climate,
resulting in a “climate conditioned” catalogue of potential events, one for each climate
scenario. Because these scenarios are not directly associated with increases in global
temperature (as in GBF), they are designated Sensitivity A, B and C instead of CS1,
CS2 and CS3.

Figure 13 Countrywide average annual loss (top), 100-year loss (middle)
and 200-year loss (lower) in response to changes in the mean
windstorm track affecting the UK (in 2008 £ values)
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Note: The baseline risk is shown on the far left of each panel indicating loss expectations in today’s climate.
Losses associated with track shifts A, B, and C correspond to fundamental changes in tracks of storms passing
over the UK. Sensitivity Experiments A and C are low probability scenarios reflecting extreme track shifts.
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UKW regional impact

As in the case of GBF, economic regions are used to stratify UKW loss results to a finer
spatial scale. Again here, even a systematic shift in the track of storms affecting all of
Europe will have a non-uniform impact on relative risk within the UK. The results are
shown in Figures 14, 15, and 16 for Sensitivity B which reflects a 1.45 degree
southerly shift in mean track.

Figure 14 Regional response of average annual loss to a 1.45 degree
southward shift in the mean track of windstorms

Source: AIR Worldwide Corp.
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Figure 15 Regional response of a 100-year loss to a 1.45 degree southward
shift in the mean track of windstorms
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Source: AIR Worldwide Corp.

Figure 16 Regional response of a 200-year loss to a 1.45 degree southward
shift in the mean track of windstorms
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Note: The above three figures correspond to Sensitivity B. Values shown reflect percentage increases relative
to the baseline (current climate) risk.

Source: AIR Worldwide Corp.

In summary, with regards to UKW, the scientific research is insufficient to pinpoint a
change in frequency or intensity as global temperatures continue to rise. One of the
postulated sensitivities (Sensitivity B) shows a southward shift of 1.45° latitude. This
could play a significant role in defining future risk because it would tend to increase
the passage of storms over the more populated (and therefore more risk-exposed)
regions of the UK.
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Even the modest change in storm track represented by Sensitivity B, while holding the
overall frequency and intensity of European winter storms constant, could bring about
a rise in average annual losses of around 25% and increases in 100-year and 200-year
losses of around 14% and 12%, respectively. Overall, regional differences are
observed but are not as variable as for GBF.

China Typhoon (ChT)

The results of the assessment of intensity changes associated with Pacific tropical
cyclones are not conclusive. However, as with UKW, the expectation is that as the
climate warms, wind intensity in typhoons affecting China will increase modestly by
3.7%. Because the research is not very mature, in particular with regard to landfalling
typhoons, the Met Office has provided two additional scenarios for sensitivity testing,
one reflecting a small intensity decrease of 0.5% and the other reflecting a more
substantial increase of 7.9%. As in the UKW experiments, these scenarios which are
not directly associated with increasing global temperatures, are referred to as
Sensitivity A, B, and C.

Table 4 Projected change in China Typhoon wind intensity as specified by
the Met Office

% change -0.5% 3.7% 7.9%
Climate sensitivity (A) (B) ©)

The results of the Met Office assessment show a more significant increase in rainfall
associated with tropical cyclones affecting China which can be more directly tied to
varying levels of global warming. The conclusion of the model and literature
assessment indicate increased precipitation rates of 13%, 26% and 39%
corresponding to 2°C, 4°C, and 6°C increases in global temperature, respectively.

Table 5 Projected increase in China Typhoon mean precipitation as
specified by the Met Office

% Change in average 13.0% 26.0% 39.0%
Global temperature change CS1 (2°C) CS2 (4°C) CS3 (6°C)

ChT Countrywide Impact

Making use of the AIR Typhoon Model for China, changes in mean tropical cyclone
precipitation combined with three sensitivities to wind intensity were applied to the
model’s representation of the current climate, resulting in an ensemble of nine climate
conditioned catalogues, one for each combination of intensity change (A-B-C) and
global temperature increase (2-4-6°C).

The results indicate a statistically significant increase in average annual losses, from
20% to over 40% with increasing temperature forcing. The results are shown in Figure
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17. For all charts in Figure 17, the first bar in each group of three corresponds to the
expected intensity change, or Sensitivity B. The second and third bars in each group of
three correspond to intensity changes for Sensitivities A and C, reflecting two standard
deviations from expected. The overall typhoon risk in China is much more sensitive to
increases in precipitation than to changes in wind intensity. This is apparent from
historical loss experience where a larger portion of total loss is due to flooding.

In percentage terms, the results indicate a smaller impact on the 100-year and 200-
year losses. This can largely be explained by the fact that China experiences losses
from about 10 typhoons in a typical year. Thus, the loss from any one event is
secondary to the aggregate losses experienced over the course of the year. This does
not mean that China cannot experience a single dominant event, but rather that the
larger impact of climate change on total annual losses is of fundamental importance.
Still, the 200-year loss is estimated to rise by more than 20% under climate scenario
CS3, while average annual losses could rise by about 45% under the same climate
conditions.

Just as important as the rising risk, China’s insurance market is growing rapidly,
making it even more important to understand how the insurance landscape will
respond to even small increases in the risk. This topic will be expanded upon in the
following section of the report.

Figure 17 Countrywide average annual loss (top), 100-year loss (middle)
and 200-year loss (lower) in response to changes in the mean
precipitation and wind intensity affecting China (in 2008 £ values)
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Note: The baseline risk is shown on the far left of each panel indicating loss expectations in today’s climate.
Losses associated with increased precipitation are shown for CS1, CS2, and CS3. 95% confidence intervals are
indicated for each baseline. For each climate scenario, intensity changes associated with Sensitivity B
(expected), A, and C are shown in that order. Percent changes are linked to the expected intensity change
corresponding to Sensitivity B. Units are British Pounds (using a currency conversion of 0.091), and losses have
been converted to insured assuming a countrywide effective insurance take-up rate, weighted by line of
business, equal to about 22%.

Source: AIR Worldwide Corp.

In summary, with regards to ChT, the main impact of the Met Office climate scenarios
on typhoon activity is to increase precipitation-induced flood damage, with a more
modest increase in wind damage. AAL increases range from around 20% to around
45% across the 2°C, 4°C, and 6°C temperature rise scenarios. The percentage
change in 100-year and 200-year losses is more modest, due at least in part to the
fact that China experiences losses from around 10 events per year. Therefore, the
influence of global warming does not manifest itself significantly on the maximum loss
event in a year, but rather on the annual aggregate risk in this growing insurance
market.
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ISSUES FOR INSURERS AND POLICYMAKERS

Examining the impact of future climate scenarios on selected risk metrics derived from
catastrophe models is an important first step. Determining how these changes might
impact important aspects of insurers’ operations needs to be examined as well. Of
particular interest are the potential impacts on pricing, risk measurement and
management, regulator’s requirements for minimum capital, the amount of additional
capital that insurers may need, and supplemental capital requirements.

This section concludes with a brief discussion of some prudent prevention, loss
mitigation and adaptation steps that could be taken now to counter some of the
possible increases in key risk metrics.

Insurance industry climate change impacts

The catastrophe model results presented in the previous Section, i.e. the AAL and the
100-year and 200-year losses, are important input for the purpose of examining the
potential impacts on various other metrics of interest to insurers, which are examined
in more detail in this section. The selected climate scenarios’ potential impacts on
pricing and capital issues, including the impact on minimal capital that may be
required by regulators as well as additional capital to absorb shock losses, can all be
explored using fully probabilistic catastrophe loss distributions.

The loss estimates presented in Section 3 isolate the effects of climate change by
holding all other parameters constant. In examining the potential impact on insurers’
operations in this section, projected 10 year GDP growth is considered alongside an
assumption of no growth. The GDP projections are meant to serve as a proxy for
combined increases in the number of insured properties resulting from population
growth and increases in the total sums insured resulting from increased wealth.
However, it does not take into account increased take-up of insurance which is likely
to be an important factor, particularly for China.

For the perils of Great Britain Flood (GBF) and UK Extratropical Cyclone (UKW), an
annual trend growth rate of 2.5% is assumed (+28% over ten years), which is
assumed at the low end of a range of published estimates. For China, a 6% annual
GDP growth (+79% over ten years) is assumed, which is also at the lower end of a
range of published estimates.

Pricing

It should be noted that all discussions about pricing in this Section relate solely to the
catastrophe component of the cost of insurance that is being considered across the
risk transfer chain. The price of insurance that is ultimately charged to the policyholder
cannot be predicted by a simple review of the modelled loss distributions as set forth
in this analysis for a number of reasons, not least of which is that individual insurers
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will make their own individual pricing decisions as to what rates to use. These
decisions may be based in part upon market conditions as well as on their own
analyses and estimates of expected catastrophe losses. Decisions may also be based
on various fixed and variable expenses, including the costs of their chosen forms of
risk transfer alternatives, and their individual company’s uniquely established risk
appetite and risk tolerance levels. In some circumstances, the pricing may even be
influenced by political considerations.

Nevertheless, certain simplified assumptions about how the event catalogues may
generally impact overall insurance prices can be made by examining modelled average
annual losses (AAL) in conjunction with some conservative assumptions.

The possible pricing impact can be estimated by beginning with a typical pricing
formula and examining how a change in AAL due to climate change might change the
price level. A typical primary insurer’s loss cost pricing formula would reflect estimates
of loss, expenses and profit components for the catastrophe portion of the price of
insurance, as follows:

. Modelled catastrophe losses. These are usually in the form of AAL, including a
proper understanding of the impact of uncertainty.

e Fixed expenses. Fixed expenses (including a small allowance for reinsurance,
other risk transfer costs and associated capital costs) related to the most volatile
portions of the modelled loss distribution, which could be represented through a
multiplier to the portion of AAL for the more volatile and uncertain ceded losses;
a very conservative assumption would be that this serves to increase modelled
AAL by 10% (i.e. 0.1).

. Variable expenses and profit load. Profit load would reflect on the volatility and
uncertainty of the losses to account for risk and could be considered a portion of
variable expenses that are typically set as a percentage of the price charged,
including commissions, taxes, licenses and fees; a conservative assumption is
that variable expenses and profit load are 25% (i.e. 0.25) of an adequate risk-
appropriate premium.

By way of this example, then, the potential impact in price could be expected to be
(1+0.1)*AAL/(1-0.25), or 1.47 times the observed increase in AAL. In other words,
each 1% increase in modelled AAL attributable to climate change could be expected to
increase prices by at least 1.47%. Of course, individual insurers’ situations could
suggest the use of alternative percentages for the various pricing components and
change those assumed in the example for the industry.

Tables 6, 7 and 8 below show the possible pricing impact for each of the climate
scenarios pertaining to GBF, UKW and ChT, both without and with projected growth.
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Table 6 Potential pricing changes (%) for Great Britain Inland Flood

No Growth With Growth
Cs1 CS2 Cs3 Cs1 CS2 Cs3
12 21 37 16 27 47

Note: Potential percentage change in insurance pricing calculated from a typical loss cost pricing formula,
based on countrywide AAL in response to expected increases in precipitation over Great Britain. Losses
associated with CS1, CS2, and CS3 correspond to precipitation-induced flooding expected as global
temperatures rise by 2°C, 4°C, and 6°C, respectively. Where indicated, an annual GDP growth of 2.5% is
assumed.

Table 7 Potential pricing changes (%) for UK Wind

No Growth With Growth

37 48

Note: Potential percentage change in insurance pricing calculated from a typical loss cost pricing formula,
based on countrywide AAL in response to changes in the mean windstorm track affecting the UK. Losses
associated with Sensitivity B were used. Where indicated, an annual GDP growth of 2.5% is assumed.

Table 8 Potential pricing changes (%) for China Typhoon

No Growth With Growth

48 85

Note: Potential percentage change in insurance pricing calculated from a typical loss cost pricing formula,
based on countrywide AAL in response to expected increases in Sensitivity B (intensity) and CS2 (precipitation).
Where indicated, an annual GDP growth of 6% is assumed.

Measurement and management of tail risk

Insurers typically analyse the more volatile events in the tail of the modelled
catastrophe loss distribution to determine how the results compare to their respective
company’s chosen risk appetite, risk tolerance and business plans, strategies, and
tactics.

The 100-year and 200-year losses are important risk metrics which are often
requested by rating agencies. Careful review of increases of these key tail risk
measurements due to climate change could be important to insurers. Furthermore,
although not provided in this study, an understanding of the impact climate could have
on even more extreme losses would also be of use to insurance risk managers. Whilst
expected actions by individual insurers cannot be predicted because they would
depend on each company’s individual economic capital situation and chosen risk
appetite and tolerance levels, generally it can be said that as the measured risk
increases fewer numbers or risks and/or lower values per risk are possible to insure.
This could have significant impact on insurability and how much of the risk might need
to be eliminated, reduced, or transferred to others, including to the insured.
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The consequences of insurers exceeding their risk appetites and tolerances due to
incorrect assessment of climate change related risks could include the following:

. Restrict coverage or increase risk retention by the insured (via deductibles,
coinsurance and limits)

. Limit the number and/or average insured values in high risk areas

. Broker blocks of existing business

. Purchase reinsurance

. Participate in securitised risk instruments, such as catastrophe bonds

. Ensure pricing adequacy to accommodate the additional cost of reinsurance and
catastrophe bonds or other risk transfer alternatives

. Reduce capacity

. Speed up collection of more accurate information on risk location, construction
and consider resilience/mitigation measures

To show the impact of the various climate scenarios on risk measurements of interest
to both insurers and rating agencies, Tables 9, 10 and 11 recall from Section 3 the
potential percentage increase in expected 100-year (or 1% exceedance probability)
and 200-year (or 0.5% exceedance probability) losses. Also shown is the impact of
GDP growth on each of these metrics.

Table 9 Change (%) in tail risk measurement for Great Britain Flood for
0.5% threshold loss

No Growth With Growth
Cs1 CS2 CSs3 Cs1 CSs2 CSs3
14 32 73 18 41 94

Note: Tail Risk Measurements, such as the 200-year loss, are often examined by insurance company risk
managers as Probable Maximum Loss events to be managed relative to the company’s uniquely defined risk
appetite and tolerance. Table shows percentage change in the countrywide 200-year loss in response to
expected increases in precipitation. The baseline risk (not shown) indicates loss expectations in the current
climate. Losses associated with CS1, CS2 and CS3 correspond to precipitation-induced flooding expected as
global temperatures rise by 2°C, 4°C and 6°C, respectively. Where indicated, an annual GDP growth of 2.5% is
assumed.

Table 10 Change (%) in tail risk measurement for Great Britain Flood for
1.0% threshold loss

No Growth With Growth
Cs1 CS2 CS3 Cs1 CSs2 CS3
18 30 56 24 38 72

Note: Tail Risk Measurements, such as the 100-year loss, are often examined by insurance company risk
managers as Probable Maximum Loss events to be managed relative to the company’s uniquely defined risk
appetite and tolerance. Table shows percentage change in the countrywide 100-year loss in response to
expected increases in precipitation. The baseline risk (not shown) indicates loss expectations in the current
climate. Losses associated with CS1, CS2 and CS3 correspond to precipitation-induced flooding expected as
global temperatures rise by 2°C, 4°C and 6°C, respectively. Where indicated, an annual GDP growth of 2.5% is
assumed.
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Table 11 Change (%) in tail risk measurement for UK Wind

0.5% Threshold Loss 1.0% Threshold Loss

No Growth With Growth No Growth With Growth
12 15 14 18

Note: Tail Risk Measurements, such as 100-year or 200-year losses, are often examined by insurance company
risk managers as Probable Maximum Loss events to be managed relative to the company’s uniquely defined risk
appetite and tolerance. Table shows percentage change in the countrywide 200-year (left) and 100-year (right)
losses in response to changes in the mean windstorm track affecting the UK. The baseline risk (not shown)
indicates loss expectations in the current climate. Losses associated with Sensitivity B were compared to the
baseline and are shown in this Table. Where indicated, an annual GDP growth of 2.5% is assumed.

Table 12 Change (%) in tail risk measurement for China Typhoon

0.5% Threshold Loss 1.0% Threshold Loss

No Growth With Growth No Growth With Growth
17 30 9 16

Note: Tail Risk Measurements, such as 100-year or 200-year losses, are often examined by insurance company
risk managers as Probable Maximum Loss events to be managed relative to the company’s uniquely defined risk
appetite and tolerance. Table shows percentage change in the countrywide 200-year (left) and 100-year (right)
losses in response to expected increases in Sensitivity B (wind intensity) and CS2 (precipitation) compared to
the baseline risk (not shown), which indicates loss expectations in today’s climate. Where indicated, an annual
GDP growth of 6% is assumed.

Potential change in regulated required minimum capital

Estimating potential changes in future government-required minimum capital is
important in that insurers may be required to hold increased amounts of capital that
otherwise might be invested for higher returns. The recent economic downturn and
regulatory actions associated with Solvency II may lead to increased regulatory
oversight over the long-run and higher levels of required minimum capital for insurers.

It is assumed here that the 200-year loss (0.5% exceedance probability) could be
representative of the required minimum capital for insurance companies under
Solvency II and that any addition to the 200-year loss resulting from climate change
would represent a change in required minimum capital.

Tables 13 and 14 show the potential changes in the required minimum capital resulting
from climate change for GBF and UKW. Results (in millions of £) are shown with and
without trended growth in GDP.

Table 13 Potential change (£m) in required minimum capital (probability at
99.5%) for Great Britain Flood due to climate change

No Growth With Growth
CSs1 CSs2 CS3 Cs1 CSs2 CS3
832 1,920 4,346 1,065 2,457 5,563

Note: Potential change (in millions of £, in 2008 values) in the countrywide 200-year flood loss in response to
expected increases in precipitation. The 200-year losses are expected to be identified in Solvency II as
representative of the Required Minimum Capital to be retained by insurers. Countrywide 200-year losses are in
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response to expected increases in response to changes in the global temperature rises affecting rainfall in the
UK. Losses associated with CS1, CS2 and CS3 correspond to precipitation-induced flooding expected as global
temperatures rise by 2°C, 4°C and 6°C, respectively. These are compared to the baseline, identified as the
required minimum capital for today’s climate (not shown). A significant portion of the Required Minimum
Capital is reflected in the exposure already included in the baseline risk. Where indicated, an annual GDP
growth of 2.5% is assumed.

Table 14 Potential change (£m) in required minimum capital (probability at
99.5%) for for UK Wind due to climate change

No Growth With Growth

1,023 1,310

Note: Change (in millions of £, in 2008 values) in the countrywide 200-year wind loss in response to expected
increases in precipitation. The 200-year losses are expected to be identified in Solvency II as representative of
the Required Minimum Capital to be retained by insurers. Countrywide 200-year losses associated with
Sensitivity B are in response to changes in the mean windstorm track affecting the UK. A significant portion of
the Required Minimum Capital is reflected in the exposure already included in the baseline risk, identified as the
required minimum capital for today’s climate (not shown). Where indicated, an annual GDP growth of 2.5% is
assumed.

Whilst it is not anticipated that such increases in required minimum capital will be a
significant burden on insurers at the risk levels presented in this study, they could
become problematic under more extreme scenarios or in light of other uncertainties.

Potential increase in capital requirement

Whilst the government is generally expected to establish the 200-year loss as required
minimum capital for insurers, a higher capital standard might be of interest to
insurers—one that would reflect the extreme losses in the tail of the loss distribution.
Here, supplemental capital requirement is defined as the additional capital needed to
cover shock losses in the tail of the distribution above a certain threshold. There are
many higher losses that fall beyond the 0.4% exceedance probability (250-year)
portion of the modelled loss distribution. Tail Value at Risk, or TVar, is the probability
weighted average of all simulated event losses beyond some specified probability
(such as 0.4%). By looking beyond individual points on the loss distribution and
instead considering a portion of the curve, such as TVar 0.4%, estimates of
supplemental capital requirement reflect a broader range of shock losses. The
additional amount based upon the average of all such higher shock losses is more
reflective of capital that could be needed to pay claims for those losses should they
occur.

The potential additional capital needed (i.e. the supplemental capital requirement) is
represented by the change in (TVar 0.4% - AAL) driven by the given climate change
scenarios. The difference of the extreme shock loss average over the AAL is the
amount for which additional capital might be needed to cover the more volatile losses
introduced by climate change scenarios.

It should be mentioned that whilst this process yields an approximate amount of
additional capital that might be needed, it does not get at either the actual cost of
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such capital or the actual amount of additional capital that will be needed. Cost of
capital is generally a function of volatility and uncertainty. It is ultimately established
by the marketplace, based upon competing investments with similar risk. The
additional amount of capital required for each company will only be determined after a
review of total enterprise risk, and perceived consequences of falling below certain
levels.

Tables 15 and 16 provide the calculated additional capital potentially needed for GBF
and UKW for each of the climate scenarios provided by the climate model, both with
and without overall growth.

Table 15 Potential additional supplemental capital requirement (£m) for

Great Britain Flood due to climate change (difference between
TVar 0.4% and AAL)

No Growth With Growth
Cs1 CS2 CS3 Cs1 CSs2 CS3
1,604 3,753 8,545 2,053 4,804 10,938

Note: Supplemental Capital Requirement is defined as the difference between Tail Value at Risk at the 1-in-250
probability of exceedance and Average Annual Loss (AAL). Losses associated with CS1, CS2 and CS3
correspond to precipitation-induced flooding expected as global temperatures rise by 2°C, 4°C and 6°C,
respectively (at 2008 value). A significant portion of the supplemental capital requirement is reflected in the
exposure already included in the baseline, or current climate (not shown). Where indicated, an annual GDP
growth of 2.5% is assumed.

Table 16 Additional supplemental capital requirement (£m) for UK Wind
due to claimte change (difference between TVar 0.4% and AAL)

No Growth With Growth

1,258 1,610

Note: Supplemental Capital Requirement is defined as the difference between Tail Value at Risk at the 1-in-250
probability of exceedance and Average Annual Loss (AAL). Losses associated with Sensitivity B were compared
to the baseline and are in response to changes in the mean windstorm track affecting the UK (at 2008 value). A
significant portion of the supplemental capital requirement is reflected in the exposure already included in the
baseline, or current climate (not shown). Where indicated, an annual GDP growth of 2.5% is assumed.

Issues for policymakers

For the purposes of this study, the impact of climate change on financial risk was
isolated by modifying only the frequency and intensity of the perils of interest
according to the requirements set forth by the climate model results whilst keeping all
other parameters unchanged. Subsequently, for the purposes of discussing the
potential impacts on insurers’ operations, growth trends representing both increases in
the number of insured risks and total sums insured were also considered.

Many other factors could also come into play that could either exacerbate or mitigate
risk in the decades ahead. For example, it may be that the historical population growth
in areas of high hazard (growth that has been largely responsible for the observed
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upward trend in catastrophe losses over the last several decades) may actually reverse
under a changing climate; that is, populations may in fact migrate away from high risk
areas, which would reduce exposure. Similarly, construction practices may change
such that the resistance of structures increases. In addition, building codes are likely
to change—becoming more stringent—in the face of increased hazard, and
government investment in flood defenses may accelerate. On the other hand,
insurance take-up rates in China could grow dramatically, which would increase
industry exposure to catastrophe risk in that country. Nevertheless, some steps toward
prevention, mitigation, and adaptation could be taken to counter or prepare to respond
to the expected increases in catastrophe risk brought about by climate change. Whilst
climate change is global, prevention, mitigation, and adaptation often requires local
action plans with national leadership and support. Things that could be done now
include the following:

e Actions to limit greenhouse gas emissions

. Implementation of effective and adequately enforced risk responsive land use
planning and management

. Implementation of mandatory risk-appropriate building codes and adequate
enforcement standards so that new and existing structures are built to resist the
expected increases in the frequency and intensity of wind and flood events

Other considerations include:

. Governments can take a variety of actions, including: continue to encourage and
invest in assessment of the risk for people and property who have or will locate
on floodplains or in coastal regions and in other regions at risk from severe
windstorms; continue to adequately invest or accelerate investment in
protection; invest in appropriate levels of protection and redemption efforts to
ensure that adequate infrastructure and critical response facilities will be
operational in the face of future extreme events; consider similar issues relating
to other perils, especially those that may be correlated with flooding and severe
windstorms; to invest in advance planning for rapid response following disasters
to facilitate recovery of an affected region, to get the infrastructure and services
restored, people back into their homes, and businesses and the economy back to
normal as quickly as possible, and; develop advance weather monitoring and
warning systems as part of effective risk and response plans that could include
mandatory and voluntary evacuations.

. Governments along with other stakeholders could carefully consider the impact
that the aging of their populations may have during mandatory and voluntary
evacuations, long periods of displacement, and increased levels of stress and
anxiety following significant flooding and wind events; other at-risk groups
include the poor and infirm; potential challenges include how to deal with and
dispose of potentially significant amounts of debris, which may include
hazardous materials.

. Public private partnerships could be pursued to increase the awareness and
understanding of all stakeholders about the risks and what can be done about
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them; with respect to the insurance industry, conducting advanced discussions
with key stakeholders to seek solutions to the challenges posed by potential
increases in future losses from flooding, severe windstorm, and other perils,
specifically with regard to premium increases and affordability, availability, and
insurability. Waiting until losses deteriorate to a point where the insurance
environment were to become difficult to sustain without increased government
financial supports could mean that the solutions would become both more costly
and disruptive.

Individuals and businesses could take actions to control losses to their property
and ensure the continuation of its use, including actions to limit their own
greenhouse gas emissions and to support businesses that do likewise; embrace
risk responsive land use planning and building codes reflective of the winds,
flooding, and other perils to which their location is exposed; and to realise that
protection and preventative efforts can fail or their designed levels be exceeded
such that they make prudent choices as to where to locate and then invest in
mitigation efforts.
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PERILS MATRIX
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columns correspond to projected
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A-B-C represent a plausible range of
change from current climate modelling
and literature. See text and references
for further details.

% % %

(2°C) (4°C) (6°C)

4.40°

(A)

-1.45-°

(B)

-7.28°

(©

China Typhoon Wind Intensity*

(A)

-0.5%

3.7%

(B)

7.9%

(©

China Typhoon Mean Precipitation®

(2°C)

13.0%

26.0%

(4°C)

39.0%

(6°C)

Footnotes

1. Change in 5 year return value for
whole of Dec/Jan/Feb daily
accumulation distribution

2. Change in mean for whole of
Dec/Jan/Feb daily accumulation
distribution

3. Change in the centre of the storm
track at 0° longitude. Derived from
parabola fitted to the daily band
pass filtered 500hPa height data at
0° longitude

4. Intensity changes are taken from
Emanuel et al 2008 as an
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factor for all winds. The range
reflects the mean change from 7
GCM = 2 standard deviations
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A3

A3.1

KEY QUESTIONS RELATED TO MODELLING CLIMATE CHANGE

Q1. What are the likely timescales of SRES / government policy
scenarios reaching 2°C and 4°C of global warming?

The timescales of reaching 2°C and 4°C of global warming for a given emissions scenario
depend on the rate of rise of greenhouse gas concentrations and the consequent response
of global temperatures. The range of possibilities can be estimated using ensembles of
climate models which synthesise current understanding and its associated uncertainties.

The IPCC SRES scenarios cover a wide range of plausible emissions trajectories arising
from plausible future socioeconomic storylines which encompass a range of assumptions
affecting greenhouse gas emissions but do not include climate mitigation policy. More
recently, the UK government Climate Change Committee (CCC) proposed a scenario of
mitigation policy represented by a peak in global emissions in 2016 followed by a
reduction in emissions of 4% per year. Here we use a subset of SRES scenarios and the
CCC 2016:4% scenario to address the question posed above.

It is important that projections of climate change consider the uncertainties in the
response of global temperature to a given change in CO2 concentration (“climate
sensitivity”), and the uncertainties in translating emissions scenarios into concentrations.
Most previous climate modelling studies have relied on the assumption that the
relationship between CO, emissions and the change in atmospheric concentrations (the
“airborne fraction” of emissions) would remain at the present-day level. There is now a
large body of evidence which suggest that this is a poor assumption, and that the
airborne fraction could be expected to increase because current land carbon sinks are
projected to become weaker as a consequence of climate change.

Although the IPCC 4" Assessment Report (AR4) presented climate change projections for
some SRES scenarios using Ocean-Atmosphere General Circulation Models (GCMs), which
allow uncertainties in climate sensitivity to be considered, these models did not cover the
upper end of the SRES scenarios and, more importantly, neglected feedbacks between
climate change and the carbon cycle. Moreover, the CCC scenario has not been used in
studies with GCMs. Therefore here we use a simple climate model, MAGICC, tuned to
represent the behaviour of the AR4 GCMs and also accounting for the range of strengths
of the climate-carbon cycle feedback as assessed by the Coupled Climate Model
Intercomparison Study (C4MIP) cited in AR4. This method is consistent with that
employed by the IPCC in generating the likely range of global warming by 2100, as
presented in the IPCC AR4 Working Group 1 Summary for Policymakers.

We examine the SRES scenarios A1FI, A1B and B2. A1FI is a scenario of intensive fossil
fuel use, giving the highest emissions of all the major SRES scenarios, B2 is a relatively
low emissions scenario, but not the lowest of SRES and still features ongoing increases in
emissions. A1B is similar to A1FI initially, but becomes similar to B2 at the end of the 21
Century. We also examined the CCC 2016:4% scenario, which gives lower emissions than
all SRES scenarios after 2016.
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For each scenario, we performed an ensemble of 729 simulations with MAGICC, exploring
the range of uncertainties in both climate sensitivity and climate-carbon cycle feedback
strength. Here we discard both the upper and lower extreme 10% of simulations in order
to avoid less plausible outliers. We present our results for the dates at which 2°C and 4°C
of global warming are reached (relative to pre-industrial), for both the 10" and 90
percentiles as described above, and the median. The 10" percentile shows the date by
which 10% of the simulations have reached the particular temperature threshold. These
results are shown in tables A1 and A2.

It should be noted that we do not attach the term “likely” to this range of projections, as
this term has previously been used by IPCC to represent outcomes with a 66% or higher
chance of occurring. We regard the range of 10" to 90" percentiles as a plausible range
of outcomes.

For each scenario, the threshold of 2°C and 4°C were passed on a range of dates,
reflecting the uncertainties in climate sensitivity and climate-carbon cycle feedbacks. The
ranges of dates for reaching 2°C are similar in all 3 SRES scenarios and the 10%
percentile for CCC 2016:4% is also similar to that of the SRES scenarios. This reflects the
fact that the climate system is relatively slow to respond to emissions, so differences in
emissions scenarios are not reflected in differences in the rate of climate change for some
years - and this includes the effect of emissions cuts if feedbacks are strong.

However, it is important to note that the median date of passing 2°C in CCC 2016:4% is
2079, nearly 40 years after the median date for all SRES scenarios studied. This suggests
that if feedbacks and climate sensitivity are not as strong as some models suggest,
cutting emissions could still significantly delay the time at which 2°C is reached. The 90"
percentile for the CCC 2016:4% scenario does not reach 2°C by the end of the simulation
in 2200.

This implies that considerable further climate change has therefore already been
committed to at the present day, and if feedbacks are strong then we may still reach 2°C
even with 4% per year emissions cuts after 2016, but if feedbacks are weak then 2°C
may be avoidable with this level of emissions cuts.

The range of dates for passing 4°C varied more between the SRES scenarios, with the B2
scenario only reaching 4°C in the 10" percentile of the ensemble. Moreover, the 2016:4%
scenario never reached 4°C even in at the 10%" percentile. This shows that differences in
emissions scenarios, especially emissions cuts, can determine if and when 4°C is reached.
The median projections for A1B and A1FI reached 4°C at 2100 and 2070 respectively, and
the 10" percentile projections reached 4°C at 2070 in A1B and 2060 in A1FI.

Work by Parry et al. 2009 also shows that the timing of reductions is important for
adaptation. For example, if we would wish to adapt to 90% of the risk implied by delaying
mitigation until 2035, we should be planning to adapt to at least 4°C of warming. This
paper also highlights the long recovery process of many environmental systems - with
sea levels likely to continue to rise for some decades after the land has begun to cool. It
may thereafter take centuries for a stable climate to be achieved.
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Scenario 2 °C

10% median 90%
SRES B2 2035 2048 2065
SRES A1B 2035 2042 2055
SRES A1FI 2035 2042 2048
CCC 2016:4% 2037 2079 N/A

Table A1. Summary of years in which global temperatures reach 2 ©C above preindustrial
values, for the 10" and 90" percentiles and median of a 729-member ensemble for each
scenario. The SRES simulations were run to 2100, and the CCC 2016:4% simulation was
run to the year 2200. N/A indicates that 2 °C warming was not reached by the end of the
simulation.

SRES Scenario 4 0C

10% 50% 90%
B2 2082 N/A N/A
AlB 2070 2100 N/A
A1FI 2060 2070 2087
CCC 2016:4% N/A N/A N/A

Table A2. Summary of years in which global temperatures reach 2 ©C above preindustrial
values, for the 10" and 90" percentiles and median of a 729-member ensemble for each
scenario. The SRES simulations were run to 2100, and the CCC 2016:4% simulation was
run to the year 2200. N/A indicates that 2 °C warming was not reached by the end of the
simulation.
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Q2. What are the major changes and updates on sea-level rise research
since the IPCC 4" assessment report was released?

The tide-gauge record of sea level for the 20™ century show that global average sea
levels rose at an average rate of approximately 1.7 mm yr’!. Altimetry data from satellites
have been available since the early 1990s, which show that global sea levels have risen at
about 3 mm yr! over this period. This value is supported by coastal tide gauge
measurements, although it is not certain whether this represents the start of a long-term
acceleration or natural variability. Sea level rise around the world is not uniform, owing to
the differences in ocean circulation and non-uniform changes in temperature and salinity.
These regional variations in sea level rise can be substantial with, for example, one study
(Yin et al. (2009)) finding that mean sea level for New York City could increase by around
20cm more than the global mean. From the perspective of impacts it is important to also
include the rise and subsidence of the land. During the period 1993-2003, for which more
accurate data are available, thermal expansion of the surface of the oceans and melting
of land ice each accounted for about half of the observed rise in sea levels, although there
is some uncertainty in the estimates.

Global sea level rise is projected to continue during the 21 century and this is very likely
to be at a greater rate than observed during the 20*" century. The AR4 gives a range of
0.18 m to 0.59 m for increases between 1990 and 2095, depending on the choice of SRES
emission scenario used. Thermal expansion will contribute the majority of this rise, with
the rest from melting of glaciers and ice caps on land, and a small contribution from the
ice sheets of Antarctica and Greenland. A major source of uncertainty originates from the
contribution of the ice sheets of Greenland and Antarctica. For example, increased
precipitation over Antarctica and Greenland would act to increase the ice mass, whereas
acceleration of glacier flow or melting would decrease the land ice mass. Most
importantly, the AR4 Synthesis Report concluded that an upper bound for sea level rise
during the 21 century could not be established.

Since AR4, statistical techniques have also been used to estimate future sea level rise
(e.g., Rahmstorf (2007) and Grinsted et al. (2009)). Briefly, functions relating past
temperature changes and past sea level rise in the late 19" and 20" century are
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constructed, and then combined with projections of temperature change to estimate
future sea level rise. However, this approach implicitly assumes that the balance of
processes (thermal expansion, melting of ice and glacier flow rates) during the 20%
century will remain the same during the 215 century. The relative contributions of ice
sheets and thermal expansion in the future are highly uncertain. Hence, these statistical
methods are of limited use for projecting future sea level rise.

Since the publication of the AR4 reports, new satellite data have become available which
show that glacier flow rates have increased in some areas (e.g. in parts of Antarctica).
Gravity measurements have been used to estimate the loss of ice from Greenland
between 1995 and 2007, which in turn has contributed to a sea level rise between 0.5
and 0.9 mm yr'! (Mernild, 2009). However, other evidence has been presented showing a
slowdown in the flow rates of a number of glaciers in Greenland (Kerr, 2009). It is unclear
whether the recent changes in ice sheets are a short-term change, or a systematic
acceleration. Hence, it is uncertain whether the recent acceleration in glacier outflow and
sea level rise will continue throughout the 21 century. Other historical data and process
models have also been used to study ice sheet dynamics and place an upper limit on
future sea level rise. The most pessimistic view is taken by Hansen (2007) who expects
sea level rise to be of “the order of metres” by 2100, because strong feedbacks and non-
linearities, such as the melting of ice shelves where glaciers meet the oceans, are not
currently included in models. However, counter to this argument, a recent study of
glaciers in Greenland by Pfeffer et al. (2008) examined the fluxes and discharges of ice
that would be necessary to produce prescribed sea level rises. These authors assumed
that the velocity of glaciers could not exceed the upper limit of current observations. They
suggest a likely rise in sea levels of 0.8 m by 2100, and an upper limit of 2 m. Another
study of glacier flow by Nick et al. (2009) examined a single glacier in Greenland. Their
study concluded that an acceleration of the glacier’'s flow rate could be followed by a
reduced flow rate, so that extrapolating recently observed flow rates may not produce
reliable sea level rise estimates. Furthermore, Rohling et al. (2008) have examined
changes in sea levels around 100,000 years ago during the last interglacial period. Ice
masses and the size and shapes of the ice sheets had some similarity to those of today.
Rohling et al. estimate the maximum sea level rise during the last interglacial period to be
roughly 1.6 m per century.

Katsman et al. (2008) combined observations and model results from the IPCC AR4 and
additionally considered the impact of changes in ocean dynamics and the earth’s gravity
field resulting from the melting of land-based ice to estimate sea level rise in the north-
east Atlantic Ocean. These authors estimated a rise between 0.30 and 0.55 m for a
temperature rise of 2 °C, and a rise between 0.40 and 0.80 m for a temperature rise of 4
oC for 2100. They also showed that changes in the Antarctic ice mass are more important
for sea level rise in the extratropical oceans of the northern hemisphere than the
Greenland ice sheet.

The UKCP0O9 marine science report found that model projections of regional variations in
sea level suggest similar changes in UK mean sea level over the 21 century to the global
mean. The approach taken to UK sea level rise in this UKCPO9 report was to present two
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projections. The first was based on the current generation of climate models and
predicted 12-76cm of UK coastal absolute sea level rise (not including land movement) for
2095, based on the 5% percentile low emissions scenario to the 95 percentile high
emission scenario. The second, so called High++ scenario, used evidence such as that
mentioned above, to estimate the amount of sea level rise that can not yet be completely
ruled out. However, based on current understanding this rise of 93cm to 1.9m should be
considered unlikely to occur during the 21% century.

In addition to trends in regional and global sea level under the influence of global
warming, local sea level can undergo short lived increases driven by atmospheric pressure
gradients and winds. Such surge events can substantially increase sea level above the
normal tidal range if they occur near a high tide. For the UK, an example is the extreme
storm surge that occurred during the winter of 1953 and caused considerable loss of life
and damage to property. For recent decades, trends in high water levels around the UK
have been linked to increases in the underlying regional mean sea level rather than any
increases in wind and pressure gradient driven contributions.

The UKCP09 marine science report considered potential storm surge increases in local
high water for the 21st century, using an ensemble of model projections. They found that
the size of surge expected to occur on average about once in 50yr is expected to increase
by less than 0.9 mm/yr (additional to projected changes in mean sea level and any local
effects from subsidence or uplift of land). The largest surge trends around the UK were
projected to be in the Bristol Channel and Severn Estuary. The UKCPQ9 analysis also
provided a high-end "High++" range of surge increases which, as for the mean sea level
changes for this scenario, are thought to be improbable but cannot be completely ruled
out. These high-end projections were obtained using the largest estimated increase in UK
storminess as given by current generation climate models (developed by different
international groups). High++ surge contributions to sea level increase over the 21%
century of up to 0.95m were given for the Thames Estuary.

Thus, the recent work summarised above suggests that for the UK and western Europe
sea level rise by 2100 will not exceed 2 m, and is likely to be much smaller. However, the
dynamics of ice sheets, and the possible effects of freshwater from ice melt on ocean
circulation are still not fully understood. The additional effects of increased storm surges
around the UK are likely to be small relative to the mean sea level changes, although
increases of up to 0.95m in the Thames Estuary cannot be ruled out. Finally, sea level rise
will continue for many centuries beyond 2100, even if greenhouse gas concentration are
stabilised, because of the ongoing uptake of heat by the oceans. This implies that
adaptation measures will be required even if stringent mitigation targets of limiting
warming to 2 deg C are implemented (Nicholls and Lowe, 2004).
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Q3. What does the research say about the relationship between tropical
cyclones and climate change?

“Tropical cyclone” is the generic term for a low-pressure system over tropical o